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mEssU3?J3TUNNEL . .

BYAlbertE.vo~DoenhoffandFrenkT.Abbott,Jr.

SWARY ,.. .,. ,. . ..
A descriptionispresente~oftheLangleytwo-dimensional‘

low-turbulencepressuretunnelanda historyisgivenof the work
doneattheLengleyMemorialAeronautical.Laboratorywhichledto
theachievementofa remarkablylowlevelofturbulenceinthe
airstreamofthiswindtunnel.-Thetypesofinvestigationsto
whichthetunneliseuitedandthenlsthodsofobtaining.and
correctingdataarealsodiscussed.

..

INTRODUCTION

PriortotheconstructionoftheLangleytwo-dti~sional
low-turbulencepressuretumnel,thelargestamountofcomparable
airfoildatawasobtainedfromtestsintheNACAvariable-
densitytunnelata testReynoldsnuniberofapproximately
?iX106.TheturbulenceleveloftheNACAvexia%le-density
tunnelwasquitehQh asindicatedbythelowvalueof critical
Reynoldsnmberfora sphere(150,000).Althou@theeffective
Reynoldsnumberconceptappearedtobevalidforsometypesof
airfoilsectionswithregardtomaximwlift,itdidnotappear
togivesatisfactorycorrectionsfordragcoefficientsmeasured
ina turbulentairstream.(Seereference1.)

AninvestigationoftaperedwingsbyAxiierson(reference2)
indicatedthatthecharacteristicsofwingsofusualplanform
couldbe satisfactorilycomputedfromtheaerodynamiccharacteristics
ofthecomponentairfoilsections.Xtseemeddesirable,therefore,
todesigna tunnelespeci.ellyfortestingairfoilsectionsand
capableofobtainingdataatReynoldsnumbersatleastashighas
wouldbereachedbyanyairplanelikelytobedesignedInthenear
future.Suchconsiderationsledtothedesignendconstruction
oftheLangleytwo-dimensionallow-turbulence.;presauretunnel.

.
d.

.



Characteristicsparticularlydesiredforthistunnelwere
full-scaleReynoldsnumbers,extremelylowair-streamturlmlence,
andconvenientmodelsize.Full-scaleRe~old.snvmbersare
obtainedwithmoderate~untm ofpowerbycomp-resdn~thealr
h thewindtunneltoIncreaseitsdensityandbymountingmodels
sothatthetestsectioniscompletelyspanned.Increasingthe
densityoftheairto10timesitsnormalvaluegivesa cmre-
spondingIncreaseinReynoldsnumbersincethereIsessentially
nochangeinabsoluteviscosityduetochangeInpressureinthis
rangeofpresmreeoMountfngm@elssothatthetestsectionis
completelyspanneda310ws*heReynoldsnumbertobeincreasedby
makingpossibleamuchlargerratioofmodelsizetotunnelcross
sectionsiqcetheairflowactsonlyintwodimensionsandcross
flowsaroundtheendsofthespanareprevented.Mcuntingthe
modelsinthismannerisalsoadvantageousinteetsofsection
characteristicssincethedifficultiesassociatedwithaspect
ratioandtarecorrectionsareeliminated.

Lowturbulencewasmadepossiblebyusinga largearea
reduction%etweentheentranceconeand’thetestsectionand
bytheintroductionof anumberoffins-wixesmd.1meshscreenb
intheentrancecone.

Thesizesof ih6models,varyin~frcmapproximately24inches‘
to100inches,aresmellenoughtopermitthemtobeeasily‘
handledwithouttheaidofauxiliaryhoists,yetlargeenoughthat
maintainingadequatemodelaccuracyisnottoodifficult.

Acknowledgementtsgratefullyexpressedfortheexpert
gufdanceandmanyoriginalcontributionsofMr.Eastmanl?.Jacobe,
whosupervisedthedesfgnofthetunneland*hedevalo~men~of
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manyoftheexperimenta~techniques.

SYMBOLS

areaofindividualintegrating
,.

airfoilmeanlinedesignation,

B

manometertube

fractiondfchordfrom .
leadingedgeovevwhichdeiignloadisuniform;aleoin
derivationof’equationfor’integratingmanometer,
heightofliquidinmanometerwhensamepresmxe
isappliedtoalltubes

.
di.mezaslonlessconstantdeterminingwidtholwako

.
.
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inderivationofintegratingmanometerequation,heightof
liquidinintegratingtubewhenpressuredistributionis
appliedtomanometerendreferencepressureit3applieii
~-integratingtubeandreference

uhord

sectiondragcoefficient

sectiondragcoeffloientuncorrected
effects

s.ectlondragcoefficientmeasuredin

section11.ttcoefficient

sectionliftcoefficientuncorrected
effects

sectionliftcoefficientmeasuredin

designsecttonliftcoefficient

momentcoefficientaboutquartm-chord

momentcoefficientaboutquarter-chord
tunnel

fortunnel-wall

tunnel

fortunnel-wall

tunnel

point

pointmeasuredin

averageofvelocityreadingsoforificesonfloorand
cellingusedtomeasureblockinga%highlifts

averagevalueof F inlow-liftrange

cali%ratlonfactorformeasureatunnelstaticpressure

free-streamtotalpressure

totalpressureinwake

(~

HO-Hcoefficientoflossof totalpressureinW*
%

tunnel height

%,2;...iheightofIfquidinanytidividusltubewhenpressuredistributionISappliedtomanometer ,
cdt

K=q
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derivationofinte~atin~manometerequation,
ratioofconbined&a oftukmsocxmnoctsd‘bo-
referencep~essuretu.azzoaofa tub~cmmwt’~d
toan indiTWal oriYico

lengthoverwhichpressuremsu%w?menteareme.ds

staticQreesure
lon@h L

staticpresm.re
len~th~,

staticpressure

atanyJointcmWKEX31

atany~cintontunnel

inwako

floorwithin

ceilinSwithin

rai’erencapremmr3

free-dn?esndy=micpressureat
rmiv.ciriascreeno

free-streamdynauicpresw.uwin

free-stroemdynamicpresmrein
foYtunnelwalleffects

boundary-layerReynoldsnumber

()‘IIa“ppressurecoefficient—-q.

Wat Sec-biun

teit soct~onuncorrected

static-ymsswecoefficientinwake k%-4

.
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free-stresmvelocity

incremntinfree-strqanvelocityduetoblocking

ccrrectedindicatedtumnelvelocity

turmelvelocitymeasuredb~static-prassuxeorifices

velocityatmy pGintonsurfeceofairfoil

dtstancealongairfoilchordorcenterlineoftvnnel
“’a

()
‘&vsriabkcfintagratioiic

distanceperpendicular,toGtreandirection

spacingoftotal-prassuretubesinmke

distanceperpendicularto.5&reamMrec%icnfroupcsition
of Hc=

anQe ofzero

sectione@le

sectionar@.e

clifferencsfn

lift

ofattack

ofe.tt@ck

mencmeter

cormcteilfortunnel-milleffects

mess-we&intucme1

re.adi.rgsusedtoneasuretunml

ai8*Ac0 normaltoa.surfacefrcmsurfacetopointin
%ou@arJlayerwh~ra.dyn.exr.c.yreg!sure..5s.orie-halfits
localvalueoutsideWundarylayer .,—c. —.. .,.... .------..>---.

ratioofmsasvredlii”ttoac,tualliftforw ti.:peoflift
dist~ibuticn

q-factorfor&litionaJ.-@-peloadinfl

~-factorfor.basicmean-lineloading

Ij-factor8“@j5Zl~t3a pointvOrteX

.
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A coxnponentofblock~ngfactordependentonshaneofbody

v kinematicvlecosity

E quantityusedforcomectingeffectofbodyuponvelocity
measuredbyetatlc-pressureorifices

P densityofmanometerliquid

u componentcfMockingfactcmdependenton

FIISTORYOFDl?PZIULOFMENT

BiZeofbody

DescriptionoftheLangleyTwo-Dimensicm.al

Low-lh.n%ulenceTunnel-

Decausetheshapeoftheairpassagesoftheproposedpressure
tunnelwereunueual,endbecauseofthefactthatthemeans
proposedforobtaininglowturbulencehadneverbeencheckedat
hi@ Reynoldsnumbers,itwasdesirabletobuildamodelofthe
proposedtunneltostudyitsflowcharacteristicsandtodevelop
meansforproducinga satisfactoryairstreem.TheReynolds
numberoftestsinsucha modeltunnelhadtobeatleastas
highasthoseinthelowerrangeofflightRe,ynoldenumbersin
ordertoobtaina ~eliableindicationof’theeffectiveturbulence
level.A full-sizemodeloftheproposedtunnel,d.geigzwd
tooperateonlyatatmosphericpressure,wastherefarebuilt.
ThistunneliscalledtheLangJ.eytwo-dimensionallow-turbulence
tunnel.

ThistunnelwascompletedinApril1938.Itwasoriginally
desi~atedtheNACAicetunnelbecauseoftheIncorporationof
refrigeratingequipmentinthedes~gntopermiticingexperiments.
Thetunnelisof’closedthroattype,builtof’woodwitha sheet
steellining.BecauseofthecontemplatedIcingexperiments,it
washeavilyInsulatedontheoutside.Figure1 showstheshepe
of’thedi- pass~esofthistunnel.Theteetsect~onIsrsctsngular
In shape,7*feethigh,ands feetwide,andwasdesignedsothat
mcdelscouldbetestedcompleteJ.yspanningthes-footwidth.The
testsectionis7*feetlongbutmodelshavingchordsaslarge
as100incheshavebeentested.Powersuppljedbya 200-h~re9pcwer
direct-currentmotorprovidesarnaxirnumspeeflofabout155miles
perhourwitha d.yrmnicpressureofabout60poundspersquarefot.
Theseconditionsgives,maximumReynoldsnuderofabout1.1}X 10%
perfootofmcdelchord.

.
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Surveysoftheairstreamofthetestsectionmoweda variation
instaticanddymmicpressureofless”than0.25.percentofthe
dynamicpressureintheregionnormbl.lyoccxzpiedbythemodel.The
en@ar variationoftheair-streamdirectl.oninthessmeregion
waslessthen0.2°.Thevariationinstaticpressurelongitudinally
over.thelengthofthetestsectionwas0.5percentwitha
variationofcnly0.25percentover& 2-footlengthatthemodel
mountingpoint.Uniformityofthe pressuregradientina longi-
tudinaldirectionwaso%tatnedbyadjustingslotsinthevertlcsl
weUs ofthetestsectiontoallowatrtobleedout.A positive
pressureisWilt upintheteatsectiontoaccomplishthis
bleedingbyrneansofa blowerwhichdischargesairintothetqnnel
throughenennularslotdownstreamofthetestsection.

Boundary-1ayercontroloftheshortexitconecf this ‘tunnel,
anunusualfeature,1saccomplishedbymeansoftwoannularslots
asshowninfigure1. Airfromtheboundarylayeroftheexit
coneissuckefiintotheupstreamslotbymeansofa 45-horsepower
blowerandisdischargedintothetunnelwithincreasedvelocity
throughthedownstreamslot.

PreviousexperiencewtththeI@@.eysmoke-flowtunnel
indicatedthat.turbulencecouldbereducedbytheueeofa ldrge
areareductionthroughtheentranceconeanddensescreens?.n ,
thelargesectionaheadoftheentrmcecone.Thisexperience,
wasusedinthedesignoftheLangleytwo-dimensionallow- ,
turlnil.encetunnel.Thesectionofthetunnelimmediately&e~
oftheentranceconewasmade’21feetsquare,whichgives~
areareluctionofabout19.6to1 %etweenthissectionandthe “
testsection.Inthtslargesectionahoneycombmadewith9-@ch- .
squsrec-ellswasInstalled.Ontheupstreamside,thehoneycomb
wascoveredwitha 30-meshstand@ wirescreen,andonthe
downstreamsidewitha 60-rneshscreenmadeof0.0067-inch-diame%er
wire.Thehoneycom%wasmadeupofninesections,each7 feet
square.Theunusuallyrapidexpansionofthetunnelairpassage
imme~iatelyupstreamofthehoneycombscreensconsiderably
reducedthelengthoftheairpassage.Sucha rapidexpansion
ispermissiblebecausethe@mmfc pressureoftheairstreaq
atthispointisrelativelylowandany&wvennessofflowis
smoothedoutbythehighpressuredropofthehoneycombscreens.

The ffrstairfoiltestsweremadeofia low-dragtype”of “
airfoilsection,endthemeasureddragcoefficientwas0.0030,
about50percentlessthanhadpreviouslybeenmeasuredonen
-afrfoilofcomparablethickness,Thistestwascerri.edoatin
June1938.Comparisonofthisdragcoefficientwiththelaminar
andturbulentskin-frictioncurvesshowedthattheflowoverthe
airfoilwaslaminarovermorethanhalfthesurface.Comparison
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ofotherairfoiltest
indicatedthatavery
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resultswiththoseobtainedinflightalso
lowturbulencelevelhadbeenachieved.It

wasnotconsideredprobable,however,thatthe desiredeffective
zeroturbulencelevel,”thatis,a levelatwhichtheair-stream
turbuleizce,wouldhavea vanishingeffectuponboundary-Layer
@%nsft’ion,hadbeenreaohed.”,, Under”favorableconditions,boundary-
layerReymoldsnumbers,R6, ofabout5000weremeasuredInthe .
tunnelforsomeairfoilsoomparedwithRa of7~00togOOO
obtainedInflight.(Seereferenoe3.)

TurbulencemeasurementsmadeinJanuary19k0 witha
NationalBWeauof Stendanlshot-tireanemometeralsoindtcated
thattheairstreemhada reasonablylowturbulencelevelcompared
withother,windtunnels.Thehorizontalturbulencecomponents,
whichareofthesameofierofmagnitudeastheverticaland

.longitudinalcomponents,areplottedagainstReynoldsnumberin
figure2 andagainstspenwisepositioninfigure3. Thespanwise
surveyindicatedthatlargevtiia%ionsintheturbulencelevel
yerepresentStpointsCOrr8Swndingto therelativepOSitiOnS
ofthejointsbetweenthe7-foot”sectionsofthehoneyccml
upstream. “

Turbulencemeasurementsobtainedbycomparisonofthe
criticalReynoldsnumbersofsphereswerenotmadeinthe
Langl.eztwo-di.menslonellow-turbulencetunnel.Previouscom-
parativetestsofspheresintheLangley8-foothigh-speed
tunnel(reference4)andinfreealr(reference5)gaveabout
thesameresults.SincetecdmoftheNACA0012airfoilinthe
Langley~-foothigh-speedtunnel(reference6) sndinthe
Langleytwo-dimensionallow-turbulencetunnel{reference7) .
indicateda lowerturbulencelevelinthelattertunnel,ttwas
concluded thatthegenerallevelofturbulencewastooZow
forthe sphereteststogivesignificantresults,

InvestigationtoReduceTurbulenceLevel

Theremlts,ofturbulencesurveyssndcomparativetestsin
theLangleytwo-di.mens!onallow-turbulencetunnelendinflight
cleanlyshowedthe,desirabilityoffurtherreductionofthe
turbulencelevelofthetunnel.”’Theturbulencesurveysalso
showedthenecessityofeliminating,Insofaraspossible,the
effectsofany~ufntsendsupportsofthescreen.TM8 result
wasbelievedtobeobtainablebytheproperinstallationofa
numberofadditionalscreens.

Preliminaryconsiderationofthephysicalfactorsinvolved
suggested.thelikelihoodthatfor‘agivenpressuredropa number
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ofscreensplxieedonebehind$heotherwouldbeM& effectivein
red.uoingthe.turbulencelevelthana singlescreentoproducethe I--““
givenpressuredrop.(Thisreasoningwaslatersubstantiatedby
a moredetailedinvestigationbyD&denandhiscollaboratorswho
werealsoworkingontheproblem,ofla.u%ulenoerednotionatabout
thesam timeattheNationalBureauofS%tdards.)Therealiza-, ti.onthatsome”defectsmightbepresentinanyscreeninstalktion
ledtothesug~stionthata numberofscreens,eachwitha
pressuredropofaboutoneq, wouldbea goodco~romise(where
q isthe.@namicpressur~oftieairstreamatthescreens).
Ina screeninstal.lationwithsucha pressuredrop,theeffects
ofthewakeofa plu~d spotwouldbeexpectd.tobeaboutKhe. seineastheeffectsofthesetofanopenspot. .“

E~er&nts werecor@ucteddM??in&thelatterp&t of1939
intheLangleysmoke-flowtmnneltoobtaindatathat?@@t be
usedinthedesi~ ofaqimprovedscreeninstallation“forthe
Lsx@eytwo-dimensionallow-$urlnzl.encetunnel.Sctienmodels
weremounteiiinthetkstqection,02thesmoke-flowtunneland
visualobservationsweremadeofthesmokeflowthroughthescreen.
Screenshaving.a pressuredropoftheorderofone q.were
observedtohavea merked.effectonbreak* uplar~eddiesand
toreduoenarkedl.ythemagnitudeofthefluctuat$ngvelocities
associatedwitheacheddy.Witha ‘2-meshscreenhavinga wire
diemetirof0.3.inch,itwasfoundthat,whenthespeedexceeded.“,=!=
approximately3 feetper“second,.thenatureof“theflowthrough
thescreenchanged.Although‘&eturbulenceassociatewith
largeeddieswasbro~mnup,small.-scaleeddies‘weremhmducea
hy thewires.themselves.Belowthiscni.ticalspeedtheflow
appeared.tobeoftheviscoustypeendnosmalleddieswere
otserved. ,.

Onths%asisoftheseeqerhents,coneideiatipnwasgiven
tothesizeofwireforthescreensthatweretobe install.eain
theLangleytwo-dimnsionallow-turbulencetunnelinorderthat
theReynolasnumberforviscousflowmightnotbeexceededatthe
hi@esttunnelspeed.andthusturbulencefromthewiresthem-
selvesmlat beavoided.A wiresizeof0.0065wasfopnab %e
suitableand,inoraertoobt@inthedesired,’presst~edropofone
% a 30-meshscreenwith,ty@swiredieaeterwasselected.

Informationpublishedby~yloronthedecayoftu.rbul.enoe
behindscreens(reference3)in.dicate&thata Gpacingbetween
thescreensofapproxima’te~y’100times~theIen&tihofonescreen
meshwouldbemoreeffectivethancloserspacing,sothat,if
turbulencewereproducedbyanyscreen,thisturb~encewould
havea chancetodieoutbeforereaohingthenextscreen.The
numberofscreensnebdedwasindefinite,andthefinallevelof

/’”
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turbulenceseemedtobedeterminedbytheemountofturbulence
introducedbythelastscreen.Greatcarewasthereforebelieved
necesmryinthefabricationandinstallationofthescreens.

Thescreenwirewasmadeofphosphorbronzeandwaswoven
fnstrips7 feetwidewitha speoialselvageasshowninfigurek(a).
Threestripsweresewedtogetherwith0.0065-inchdiemeterwire,
the.etrand”ofwiroth&ougheachmeshattheselvagebefngcare-
fullylzmpedinsucha mannerthattherewasnooverlappingofthe
stripsenda ~ointwasproducedwhfchpresentedminimumdiscontinuity. ‘
Brasestripswerefastenedaroundthefourrsfdesofthecompleted
sareenpanelandtheassemblywashung~nplaceinthetunnelon
springs,spaced1 footapart,attachedtothebrass-edgestrips
throughcablesandturnbuckles.Enoughtensionwasputinthe
springstoholdthescreentautbutnottoallowthestress
producedinthewiresofthescreenlytheairstreamendby
tunnelexpansiontobetoohQh. Sevenlayersofscreens,
spaced3 inches,wereinstalledtnthelargesectionofthetunnel
downstreamofthehoneycomb.Figure4(b)showsschematicallya
sectionofoneedgeOfthescreenandtheIx&fleawhichdirect
theairstreamthroughthescreens.Theinstallationwascom-
plete~inOctober1940.

TurbulencemeasurementswereagafnmadewiththeNatfonal
BureauofStandardshot-wireapparatusinJanuary1941.The
results,asshowninfigures2 and3,indicatedthatthelevel
ofturb~”tlencehadbeenreducedtotheorderofone-tenththatof
theturbulencelevelbeforethesoreeninstallation(toabout
0.01to0.02percentoffree-stresmvelocity).Thelargeepanwfse
var~atlonformerlycausedbytheJointsinthehoneycombwas
nowseentobeverysmall.A gradual.riseintheturbulence
levelwithincreasedtunnelspeedwasfound.Thisgradualrise
inturbulencelevelmightbeinfluencedbyanincreaseinncise
level.withincreaseinpropellei”speed.IjC~ bepointedout
thattheturbulencelevelmeasuredwassolowthatitapproached
thelimitofaccuracyoftheapparatus.

F@ure5 showstheresultsofdragsurveysonthe
I?ACA67-215airfoilsectionbeforeandaftertheinstallation
oftheturbulence-reducingscreens.TheReynoldsnum%erat
whichthedragbegantorisewithincreasingReynoldsnumber
showedamarkedincreaseafterthescreenswere~nstalled.
Sfncemodelconditionsweretheseineforbothtests,this
increaseindicatesthatthereducticninturbulencelevelwas
sufficienttoaffectthedragappreciably.

Informationandexperienceobtainedfromworkonthe
Langleytwo-dimensionallow-turbulencetunnelprovedinvaluable

.
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in@e designendoperationofthe
turbulencepressuretunnel~a was
thesuccessofthelattertunnel.

u

Mngley two-dimensionallow-
undoubtedlya largefactorIn

THELANGLEYTVO-DIMENSIONALLOW-TURBULENCE -

PRES* -i -

Description . .
. .

Sizeandrengeofpressures.-TheLangleytwo-dimensional
low-turbulencepressuretunnelisa single-returnclosed-thro’at‘
ininnel,thegeneralamsngementofwhichisshowninfigures6
and7. Thetunnelisconstructedofheavysteelplatesothat CA.JS3-.CI
thepressureoftheairmeybevariedfromapproxhnatelyfull ..Sj ~/.%I“-
vaouumto10atmospheresabsolute,thereby~ivln~a widerange-
“ofairdensities.Reciprocatingcompressorswitha capacityof
12Y30cubicfeetoffreeairpermtnuteprovidecmmpre.~~’;
ELiacethetunnel’shellhasa volumeof@out-83,0_).cubtcfe

4i” ;;~’” ~a compressionrateofapproximatelyoneatmo&~h-ireper
obtained.Thetunnelhasnotbeenoperatedatpresaurealess -
thanatmospheric. ~,$f’

1
Thetestsectioniqrectangularinshape,3 feetwide,” .*,bf

7* feethigh,andT:feetlong.F%we 8 isa viewofthetest
~~r 4

.* ,:?]?sectionlookingdownstream.Theatrstreamentersthetest J

sectionthrougha‘relativelyshortentranceconefroma large ,
squaresectiongivinga contractionratioof17.6to1. .b”

.*\-
1

Theover-all-sizeofthewind-tunnelshellisabout
lh6feetlongand58feetwidewitha maximumdiame~erof ‘
26feet.Thetestsectionandentranceandexftcones”are
surroundedbya 22-footdiametersectionoftheshellto
providea spacetohousemuchoftheessential.equipnent.
Thisspaceiscal16dthetestchsmber.Figure9 showsa view
oftheinteriorofthetestchmber.

Curvedturnsattheendsofthistunnelme usedinstead
oftheconventionalrightanglecornerstominimizethestress
concentrationsassociatedwiththehighairpressuresused.The
useofcontinuoussplittervanesinsteadofguidevsnes,inthe
largeturnasshowninfigure7(b),wasalsofoi-structure&
reasonsratherthenaemdynmic.
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Anairlockisprovidedtoallowaccesstothetestchamber
andtestsectionwhenthetunnelisatpressuresotherthan
atmospherec. Useoftheairlockhyoperatingyersonnelis
limitedtopressuresofnotover4 atmospheresalsolute.

Thewindinznn.elisanchoredatonecentrallylocatedpoint
andissupportedatotherpointsbyf’lexil)lecolumnsandsliding
shoesinordertoallowformovementduetotargeratureand
pressurestresses.

PreviousexperienceintheLangleyemolm-flowtunnelhad
indicatedthatconvectivecurrentscaused%yunequalheatingof
variouspartsoftheairstreamcouldintroduceappreciableamounts
ofturbulence.A sunshadewasthereforeprovidedoverthetcpof
thetunnelshelltoreducethediffereticesintemperaturebetween
theupperandUnmrpartsoftheairstreamduetoGoUxrheating
oftheupperpertoftheshell.

Itnlveandcontrolsystem.-TheairstreamoftheLm&l.eytwo-
dimeu~onallow-turbulencepressuretunnelisdriven%ya 20-blade
aluminum-alloypropellerhavinga disamterof13feet.Counter-
panesdirectlydownstreamofthepropellerareprovide”d*Oremove
thetwistfromtheairstream.Thepitchofthepropellerblades
andtheangleofthecounterpanesareadjustable,butnochange
insettingi=necessaryforthepresentoperatingrsngebecause
themotordevelopsapproximately,fullpowerovera 2 to1 speed
range.Thepropellerhubisenclosedbya 5-foot-diameterfairing.
Thepropellershaftextendsthrou@a packin~glandinthetunnel
shellend,isconnectedtothemotorlocatedinanadjoining
building.

Thedrivemotorisa 2000-horsepowerseparatelyexcited
direct-currentmotor.Fomr is suppliedtothedrivemotorfrom
a motorgenerator*tt Thefieldcircuitsofboththemotor
andthegeneratorareequip~d.witlnvacuum-tubevoltageregulators
tominimizefluctuationsinspeed.Speedcanbeeasilycontrolled
throughouttheentirerangefromidlings-peedto600rpmby
varyinathe~nsrator.voltageandtiemotorfieldbymanualmove-
mentofrheostatsinthere@ator-controlcircuit.

Tunnelspeedismeasuredonamancamterintermsofthe
uncorrecteddynamicpressureqor ofthe.airwtree.minthetest
section.Anindicationofthevalueof qo’ isobtainedfroa
thedifference%etweenthepressuresonanimpact(totalpressure)
tubelocatedinthelargesectionofthetunnelaheadofthe
entranceconeandthestaticpressure● staticorificeslocated
a shortdistanceupstreamof’thetestsection.Boththetotal-
pressuretubeandthestatic-pressureerificeswerecalibrated



NACA”TNNo.1283 -13

againsta standardizedwind-tunnelcalibrating’pitot.-ata~iotabe
mountedinthetunnel+&stssction.Factorswithwhichtocorr=ct
themeasuredtotelpressureand.staticpressureswerethus
obtained.-Thedynamic-pressure,Recmoldsnumber,endMach,number
rangeofthetunnelforvarioustankpressuresareshownin
figure1..

Semen installation.-A ecreehihstall.ationpatte~=edafte,r
thepreviouslydsscribeilscreeninstallationintheLengleytyo-
dimensibnallow-turbulencetunnelwasmadeinthenewpressure
tunnel.(Seefig.11,) Elevenecreenewemeinst@.l@l,hayever,
insteadofsevenandtheswpenstonspi-iri~sandfasteningswere
maleconsiderablystrongertow~thstanfithehigherloads.Z*was
notvossible.witha svacticalmreeninstdlaticn,tokeepthe <.
Ren&ls nmn~erofth;flowaroundthewiresofthescreen-below
thecriticalvalueforviscoue.flotithroughouttheentire“
operatingrangeofthistunnel.The’wiresizeused(0.~65-insh
diemeter),however,allowedthetunneltobeclperatedbelowthe
criticalReynoldsrumberofthewiresuptoamodelReynolds
numberofabout5.5x 106perfootofmotelctioti.(Seefig10.)-‘~:‘W
Upstreamoftheeleven30-meshscreens$a 60-meshscreenwas .
irmtalledona fremworkwhichsu.poortstheccolingcoils -.
describedinthenextsection. .-

Turbulencemeasurementswe~emadeinAumst1941%iththe
NaticnalBureauof%.enda~rishot-wireanmmmeterandtypical
reeultsareshowntnfigure2. .-

c~cjlfng~sta~la*~c~c-A firmedcooltngcoil~’sloc~te~in ,
thelargesectionofthetunnelimmediatelyupstreamofthe
60-mes~screentocont~olthetemperat~~of%%6airs%reem”.
Thiscoclingcoil,whichis5 inchesthickandccversthewhole -
areaoftheairstream,’uontainsa doublerowofcoppertubes
throughwhichwaterfroma coolingtoweris,passedattherate
Of1000gallonsperminute.Znordertogive,anearlyuqiform
cooli~distribution,thewaterenterssomeofthetubesfrom
thetopandothersfromthe%cttom.Thecoil.isofadequate
capacitytcremovealltheheatputintotheairstreamduring
full-poweroperationafterannlerateri~e‘inair-streamtemperature.

Inordertopreventextremelyhi@ humiiiity.whenthealrin
thetunneliscompressed;dehumidificationof’theair,is.necess~y. I
Thisresultisaccompl?.shedbya refrigerationunitinthe,test
c@mbercontainingcoilsforFreon-12sn~water.Airfromthe.
tunneliscirculatedthro@htherefrlgeyationcoils’bya blcwer,,

,., .. . .
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andthecondensedmoistureflowsoutofthetunnelthrougha
draintrap.A relativehumidityofabout50percentisusually
maintained.

Therefrigerationunitalsoprovidesnecessarycoolingof
thetestchamberwhentheoperatingpersonnelareworkinginside.
AdditionalcoilsforFreon-12,operatingfromthesamerefrigera-
tioncompressorastheCOIISInthetestchamber,areinstalled
fntheairlocktoprovidecoolingforpersonnelmakingentries
intocompressedah.

Blowerequipent.-Auxilfaryblowerequipmentconsistingof
threemultistagecentrifugalblowers,eachdrivenbya 100-horsepower
shunt-wounddirect-currentmotor,18lnstelledinsidethetunnel
testchamber.Eachblowerhasamaximumcapaoityof3950cubicfeet
perminutewitha pressureriseof3.5poundspersquareinchat
atmosphericpressuzzeendamaximumcapacityof1720cubicfeetper
tinutetithan8.O-pound-per-square-inchpressureriseat
10atmospheres.

Theblowerductsystemisinterconnectedsothatflextbilit,y
intheuseoftheblowersintunnelcperationisobtained.Either
oneortwooftheblowersisusedforboundary-layercontrolof
thetest-secttonwallandforcontrolofthetest-section
longitudinalstatic-pressuregradientInamannersimflarto
thatpreviouslydescribedforthetestsectionoftheLangleytwo-

. dimensionallow-turbulencetunnel.Theremainingbloweror
blowersareused fortestsrequiringanexternalairsupply.

.

Modelsizes.-ModelstestedintheLangleytwo-dimensional
kw-turlmlence pressure tunnelueuallycompletelyspanthe3-foot-
wideteeteection.Chordsofthesemodelshaverangedfrom6
to100inches.Ingeneral,however,tworan&esofchordsize
areused,namely,2&-inchchord(fig.12)forstandardlift,
drag,andpftching-momentcharacteristfcs~endlarge-chord(70to
90inch)practical-constructlonmodels(fig.13}fordr~ measure-
mentsovera smallangularrangeneardesignlift.Modelchords
forthedeterminationofmaximumliftcoefficientshavebeen
limitedto36Inchesbecauseoftheeffectofthetunnelwalls
onthepressuredistributionsoflargemodelsathighllft
coefficients.

MethodsofmountinRmodels.-Forabet alltestsexcept
thoseinwhichpitchingmomentsaretvbeobtafned,modelsare
lockedtothean@e-of-attackmechanismandcompletelyspanthe

,
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tunneltestsectionwiththeendsofthemodelsealedtojjrevebt
atrleelcage.Whenpitohingmomentsaretobeobtaineilinthe
test,themodelismountedona pitching-momentwce whibh”is
describedina subsequentneotionentitled,‘TorqueBalancefor’
Moments.“., .,.,

.,. .

Tuqesofinvestigationstowhicht~%l isSuited.- ,T& ‘
La@.eytwo-dimensionallow-turbulencepremnu%tmnnel,with
thep?esente@.pment,isparticularlysuited.for$nvestistio~
oftheeffectsofthebasicvariablesofshape,csmber,and “
surfaceconditiononairfoil,!flag,end,ccmtrol-smqce‘charac-
teristicsatReynoldsnumbersinorMW thefliat”r- of
moderna&@anes. Thesebasicvariablescanbe studiedand
eveJmated.fromtwo-dimensio~l-flowda%,whiQhsi.mplti’iesthe
problemstoa greatextent,becauge3j~V-complicat~gfactors
enteringthethree-M.mensimaltestsS.ZWel~iminated.@’ewt~~-
tionsaremde withrelativelyinexpensivemodelso?a size
convenientforhandli~,andtheresultpoftheteatssre
quicklydhtainedwithonly”a smallamountofccmrputaticn.“”
!@picalnodelsareshowninfigyres32,13,and14.

Investigationstofindtheaerodynamiccharsctaiisticsor “
airfoilswithairintahsS& exits(fi~.15) 6rwithlountbaq”-
layercontrolslots(fi&.1’5)canbeeasilymaLe,andthewing-.
boityinterferenceeffectsofnacelles,fus~lages,propellers,
jets,endprotuhsrances(fis.17)can~3determineiia%relatively
hi~ Reynoldsnunberswithmodelsofa convenientsize.

..

MethodsofMeasureumt

A 1~~ partofthefollowingdiscussionofmethoilsor
measurementistakenfromtheappend~xofreference9,which
waswrittenbyM.M.IQein.

Theliftand dragcharacteristicsofairfoils tested in
the Lan@.ey two -dimmsionallow-turbulence.prsssuretunnelare
usuallym9asuredbyri3thodsnetrequiringtheuseofbalences.The
liftisevaluateafroma measurer=ntof’pressurereactionson
the~loorandceilingofthetunnel.Thedra~isobtainedi’rom
uasurementsofstaticandtotalpressuresinthewakeofthe
airfoil.Mommtsareusually~asuredbya balance.Those
mthodsofmeasuringtheforcesonthemcdelhavetheadvantage
thatdatacanbeeastlyreducedand”tarecorrectionsin+he



16

usualsense,thatfs,forcesactingonthe
eliminated,
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modelsupportqare

Measurementoflift.-Theliftcarriedbytheairfoil
inducesanequalandoppositereactionuponthefloorend
aeflingoftietunnel.TheIiftmay thereforebeobtalnedby
Integratingthepressuredistributionalongthefloorend
ceilingofthetunnel.!thisIntegration is madeautomatically
withsnintegratingmsnometerdescribed.subsequentlyherein.
Theoretically,thepressurefieldabouttheairfoilextendsto
infinityInboththeupstresmanddownstreamdirections.All
theliftisthereforenotIncludedinthefinitelengthinthe
vicinttyofthetestsectionoverwhichtheIntegrationis
performed.Theorificesinthefloorandcellingin the
Langleytwo-dimensionallow-turbulencepressuretunnelextend
over a lengthofapproximately13feet.Theratio~fthemeasured
lifttotheactualliftforanyliftdistributionhasbeen
calculatedtheoretically.Thecalculationwasmadebyfinding
theratioofthemeasure~lifttotheactualliftofa two-
dimensionalpointvortexsituatedatanypositionalongthe
oenterlineofthetunnel.A plotofthisratioqx agalnat
positioninthetunnelfsgivenfnfigure18. Theratioof
themeasuredIlfttotheactuaIliftforanyItftdistributionq
isfoundbydeterminingtheweightedaverageTX overthe
chordof themodeloverthefloorofthetunnelasfollows:

wherePR istheresultantpressurecoefficient.Thevalues
Of qb and ~a fortheLangleytwo-dimensionallow-turbulence
pressuretunnelaregiveninthefollowingtablewhere,qbis

the ~ factorcorrespondingtothebasicmeanlineloadand
~a isthe q factorfortheadditional.typeofloadasgiven
bythin-airfo!ltheory.ThebasicWan-1ineloadoftheairfoil
isdesignatedbythesymbol.a whichdenotesthefractionofthe
chomifromtheleadingedgeoverwhichthedesignloadis
uniform(reference9]. “

.
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WLUESOF qa AND qb FORLANGLEYT%70-DIMENSIONAL

LOI?-TURBULENCEPRESSURETUNNEL
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.9109
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------0.93110.93070.92960.92540.91790.906F!

Theliftcoefficientofthemo~elinthet~el ~corrected
forblockingCZf Isgivenintermsoftheltftcoefficient
meamredintheturmel.CZT endthedesi~llftcoefficientoi?
theairfoilc2i bythefollowfngequation:

Inasmuchas qb dcesnotd.lffermuchfromqa, itisnot
necessarythatthebasicloadorthedesfgnliftcoefficientbe
knownwithgreataocuraoy.

Becauseoftunnel-welland,othoreffects,theZlft Llistyibution
overtheairfoilintietunneldoesnotagreeexactlywiththe

!-

b.
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assumedIff’tdfstii?mti.on,butbecaugeof’thesmallvarfationof
q withliftdistribution,errorscaused‘bythiseffectare
conside~wdnegligible,Errorscausedbyneglectingtheeffect
ofairfoilthicknessonthedistributionoftheliftreaction
alongthetunnelwallscanalsobeshowntobesmill’.

Meaeursmentofdra~.-Thedragofanairfoilmaybeobtained
fronudla~tionsoftheyresswy~sinthewake(reference10).
An~approximation~tothedrag3sgivenbythelossintotalpresflure
oftHle”-5Y’F7Kthewakeoftheairfoil.Theloseo?totalpressure
5smeaeuredbya rakeoftotal-pressuretubesint!hewake.The
rakeusedintheLangley‘ko-dimmmionallow-twbulencepressure
tunneliashownschmatica~lyinfigure19 md thesurvey
appa~atuaformo~ingtherakeInfigure20, Whenthetotal
pi”esmresin
by Ho and
from10USof

frcnt;fthealinfoil~d inthewakearerepresented
I&,respectively,th~dragcoefficlentc+ obtafned
totalpremnweis

where

Hc ( )Ho-&
coeffic~entoflossC%totalpwssureinthewake—

!IO

yw df~tanceperpendiculartostreamdirectionfromposition
of Hc~

If’thestat~cpressuz-eInthewakeisrepresentedby Pw,
thetrue&ragcoefficientuncorrectedforblockingcd’ may
be showntohe (reference10)
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acrossthewakecanberepresented
ThedraGcoefficientcal Isthen

19

bya normalprobabilitycurve.
easilyobtainablefrommeaeure-

memtsof c
9

bymaans-ofa factorK,
c%, whichependeonlyon Sw andthe
themaximumvalueof EC Isrepresented
oftb.enom.uelpro%abilttycurveis

theratioof cd! to
maximumvalueof ~. If
by Hkj theequation

where% isa dimenBionleeBconstantthatdeterminesthe~width..
~Y~ ~6ofthewake.Ifa convenientv&is,blsofin&@ratbnY = ~

used.,theratioK is

c% ,

andisindependentofthewidthofthewake.ThequantityK
hasteenevaluatedforvariousvaluesof E end.Sw by
assmingSW tobeconstantacrossthewake.Thedr~ coefficient
cd‘ -v thusbeGbtalnedfromtunnelmeasurementsof c ,H~ c-$
and Sw. A plotcf K asa functionof H with ~ aaa
parexmterisgfveninfigure21. A paralleltreatmentofthis
problemis@ven inreference11.

Torauebalanceformoments.-Pitchingmomentsaremeasured
intheT,arq-$Leytwo-flimmstonallow-turbulencepressuretunnelby
mountin~themodelona torq-~e-rodbalance.Thisbalance~s
shownschematicallyinfigure2“2.Deflection0?thetorquerod
issmpllfiedandindicatedbya dialgagewh~chisread%ythe
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operators.Themommtcorrespondingtotheobserveddeflectionof
thedial@Ge isobtainedfroma calilrattoncurve.

Calilmationofthebalancewasmadebyhangingweightsonan
armofJamwnlengthattachedtoa stiff’barwhichwasmountedon
thetalanceinplaceofthemodel.The‘balancewagcalibratedfor
a rangeofmomentsfromabout235foot-pomdsinthedirectionof
positiwairfoilpitchi~momsntsto650foot-~cundsinthenegjative
direction.A correspondingcalibrationcurvewasobtainedfor
an~~r deflectionof the Imkmce DO that theangleofattackof
themodelcanbecorrected.

Since,itisnecessarytomountthemodelswiththeendsclear
ofthetunnelwalls,amethodofsealingthe@.psisnecessary.
Forthispurpose,rubbersealsareattachedtotheendsofthe
modelasshowninfigure23. Thesesealsareinflatedwithair
tosealthe@ps whenmomentreadin&saretakenanddeflatedwhen
the@a of’attaclcischan#xl.Ne@3gibleerrorsinmomqnt
readinwresultfromtheuseoftherubbersealssincea lar@
~artofthedeflectionofthetorquerodoccursbeforetheseals
areinflated;ad afterthesealsareitilated,anyadditional
deflectionresultingfroma chsmg.ainmomntduetoseali~tie
endsofthemodelcausesa rolli~actionoftheseals,which
offersverylittleresistancetosrillmovements.

I@.nciplesofintewatingmancmmters.-Integratingmanom9tms
em usedinlothoftheLan’.leytwo-dizmmsionallow-turlnil.encetunnels
tomeasurelift.mddrag.:nthecaseofthedra~measurerzmts,
theintegratingmanomtergivesan-indicationof’thointe~al
i’ (% -%) U’, a first”approxinmtlo”ntothedrag,
dwake

where

~ free-streamtotalpressure

~ ‘tota~pressmeindicated~yindividualtu%einwake

Inthecaueoftheliftmeasurements,twointe~atingmanometers
me usedtoevaluatethefollowinginte~als:
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where

% referencepressure

~ s~~nghesp= atanypointm the

~ staticpressureatanypcintonthe

Eachintegrati~nancma+irconsists

ceilingwithinthe

floorwithinthelength

ofa group ofcalibrated

L

tuleshevinguniformbor03ofe~ualdiametersconnectedrigidlytou-:.......-— -..4——..=-, ..-r.
a commonmanifoldandfiliedwithliaujd toa convenientlevel.
Yi&re ’24shmmthearrangementschematically.ThsMqutdlevel
inonetube,calledtheinte~at’ingtube,isread.witha mfsrometer
uicroscoptoobtaina sufficientlyaccuratereadt~i.~-~s
integratinstube,togetherwithon~ormoreothertu%esoftb
manorster,i.sconnectedtoa stitahlereferencepressure.Forthe
dragmeasurements,thtspressureisthe:ree-stz-eazmtotalpressure.
Tortheliftmeasuzzerints,itisaparbitraryreferencepressure.
Thevaluesofthetiorementioqedintegralsareobtainedhyobserving
thechan~inlevelGftheintegratingtubethatoccru’swhena
pressuredistributionise:~lied.tmthemnomter.

Thebasicrelationsfortheintegratin~manometersmaybe
derivedasfollows:Let

Pr raferencepressure

~1,c,...i pressureappliedtaindividualtube

& distancebetweenuniformlyspaoed.pressureorifices

‘n numberofindividualtubesinintegratingmanometeror
indltidualpressureorfiice~(tubesnotactedup=
b:r3ferencepressvre)

k ratioofcombinedareaoftxibesconnectedtoreference
pressuretothoareaofa tubeconnectedtoan
individualorifice

A mea ofindividualme.nometirtutie

a heightofliquidwhensamepressureisappliedto
alltliks

.
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‘b heightofliquidinIntegratingtubewhenPressure
d~stributionisappliedtozwuiometerandreference
pressurePr isa~pliedtointegratingandreference
tules

%,2,...1 heightofIlquidinmy individualtubewhenpressure
distributionisaFplied

TheVOU.UWofEqutdabovethelevelb whena

isappliedtothemanometerisequalto$’(hi

ofliquidalovethelevelb whenthepressuro
same isequalto (n+.k)A(&-b), Becausethetotalvolumeof
liquidinthemmometerisconstant

pressuredistribution

-b)A andthevolume

onalltubesisthe

Thedeflectionofeachindividualtube (hi-b) isproportional.
tothepressuredifference(Pr-Pt) Or p(hi-b)“=Pr -Pi .
whereP isthedensityofmanometerliquid..Eence,

~ (Pr-Pi)N!= P(n+ k) (a-b)AL

Ifthespacir.goftheindividualorificesissufficientlyclose,
thenfortheliftintograttngmanometer

r{PL*-pi)dL= p(n+k)(a-b)AL
‘%

or,inthecaseofthe

“ (Ho--4&ke

dragmanometer,
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whereAY isthespacingofthetotalpressuretubesintherake.
Thecorrespondingbag coefficient
Integralbythedynamicpresaare

:* isfOundby aitiaingthis

&
andthochcrd●f themodelc.

The&manicpressureqol isUSm foundfromthedeflection
ApS. ofanothermanometerusing%hesameliquidastheintegrating
manometerasfollows:

~* ‘ =f’sp4?spP

wherefSp isa calibrationfactorf~r ATsp.HenOe

the

~dT ~ (n + k) (a-b)&.-
fs#pspc

Therelationswhentheintegratingmanometersareapplieato
measurementofliftmaybederivedbya similarprocess.

~mel-WallCorrections

As discussedbyM.M,Kleinintheappendixofreference9,m
two-dimensionalflow,thetunnelwallsnaybeconvenientlyconsidered
ashaving*WGdistincteffectsupcmtheflowevera modelinthe
tunnel:

(1)An increaseinthefree-streamvelocityintheneigh’’orhocd
ofthemdielbecauseofa constrictionof thefiow

(2)A distortionoftheliftdistributionfromtheiniluced
ourvatureoftheflow

Theincreaseh.free-streamvelocitycausedbythetunnelwalls
(blockingeffect)isobtaineafromconsiderationofaninfinite
verticalrowofimagesofa symmetricalbcdyasgiveninreferenoe12;
theimagesrepresenttheeffectofthetunnelwalls.Forcon-
venienceintunnelcalculations,theexpressbnfor AT, the
incrementoftunnelvelocitycausedbyblocking,maybewritten



24

where

NACATNNo.1283

whereinc ismodelchordand ~ thetunnelheight.Thefactoru
depend~onlyonthesizeofLhelody.ThefactorA dependsonthe
shapeorthebody.Thevalueof A =y becbtainedfromtheTeloci@
distributionoverthebodybytheexpression

.=$~’:;{~d

wherev isthevelocityataqvpointonthesuri?aceand dyt,/dx
Is
is

in
CJf

theslowofthesurfaceatanypointatwhichtheordina~
Yfj‘

Inadditiontotheerrorcausedbyblocking,anerrorexists
thameasuzzedtunnelvelocitybecauseoftheinterferenceeffects
themodeluucnthevelocityindicatedbythestatic-r)ressure

erificesloca~di.ntheverti~alwallsa f~wfeetupstr~emofthe
modelendhalfwaybetweenthefloorandceiling.Inorderto
cbrrectfor,thtserror,ananalysifiwasmadeOFthevelocity
distrilufionalongthestreamlinehalfwaybetweentheupperand .
thelowertunnelwallsforRankdneovaluofvarioussizesand
thiclmes~ratios.TheanalysisshowedthatthecGmecticncould
beexpressed,withinther- ofconventional-airfoilthickness
ratiobjasa productofa thicknessfactor@7enbythehloclcing
factorA andafacttir~ whichdependsuponthesizeoft@
modelandtiledistanceYromtinestatic-pressureorifice~tothe
midchordpointofthemodel.Thecofiected”indicatedtunnel
velocityV’ couldthenbewritten

—..
Vt= V“ (1+-~’A~).

-.

whereV“ i~thevelocitymeasuredbythestatic-presuureorifices.
IntheLangleytwo-dimensionallow-turbulenceturuiels,foramdel
havinga chordof2 feet?thedistance”?ronthestatic-pressure
orificestothemidchordpoint ofthemodelisaypr~ximataly
5.5feet,andthecorrespondin~valueof ! isapproximately0.002.
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Inordertocalculatetheeffectof thetunnelwallsuponthe
liftdistributionsa ccmqerisonis~e oftheliftdistributionof
a givenairfoilina tunnelandinfreeaironthebasisofthin-
airfoiltheory.Itisassumedthattheflowconditionsinthetunndl-
correspondmostcloselytothoseinfreeairwhentheadditional
liftinthetunnelandinfreeairarethesame(reference13).
Onthisbasis,thefollowingcorrectionsarederived(reference13),
inwhichtheprimedquantitiesrefertothecoefficientsmeasured
in thetunnel: ,.-,

-..’I.L.
C2=[l-2A(U-E~)- ~]C31

kc~,b’
~ntheforegoingequations,theterns—

dcZ1/dao~2
areusually negligiblefor2-foot-chordmodelsin
dimensionallow-turbulencetunnels.

k

ale, and aCTt/4

theLsr@eytwo-

Whentheeffectofthetunnelwallsonthepressuredistribu-
tionoverthegodelissmall,thewall.effectonthedragis
merelythatcorrespmdingtoanincreaseinthetunnelspeed. ‘
Thecorrection to thedragcoefficientis,therefore,8ivenbY
thefollowingrelation:

c~=[l-2@+E)3ca’ (1)

Similarconshilerationshavebeenapplie&tothedevelopmentofthe
correctionsforthepressuredistributionInreference13.

.
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Equation(1)neglectstheblockingduetothewaka,such
blockingbeingsmallatlowtomoderatedraescTheeffec’bofa
pressuregradientin-thetunneluponlossoftotalpressureinthe
wakeisnoteasj.lyanalyzedbutisestimatedtobesmall.The
effectofpressuregradientuponthedraghas,therefore,been
disregarded.Whenthedragismeasuredbya balance,theeffect
ofthepressuregradientuponthedragisdirectlyadditiveanda
correctionshouldbeapplied.Forlargemodels,especiallyat
highliftcoefficients,theeffectofth8tpl ~lls is“CC)
distortthepressuredistributiaappreoia’bly.Suchdistortion
ofthepressuredi~tributionmaycauselargechangesinthe
boundaryflowandnoadequfi.’:ecorrectionstoanyofthecoefficients,
particularlythedrag,canbefound.

Correctionforblockingathi#hlifts.-Solongastheflow
followstheairfoilsurface,thef~regoingrelationsaccountfor
theeffectsofthetunnelwillswithsufficientaccuracy.When
theflowleavesthesurface,theblockingincreasesbecauseofthe
predo.mlnanteffectofthewakeupotithefree-streamvelocity.Since
thewakeeffectshowsupprimarilyinthedrag,theincreasein
blockingwouldlogicallybeexpressedintermsofthedrag.The
accuratemeasurementofdragundertheseconditionsbymeansofa
rakoisimpracticalbecauseofspanwisemovementsoflow-energyair.
A methodofcorrectingforincreasedMockingathi@ anglesof
attackwithoutdragmeasurementshasthereforebeendevisedforuse
in theLangleytwo-dimensionallow-turbulencetunnels,

Readingstoindicatethefloorandceilingvelocitiesare
takena fcwinchesaheadofthequarter-chordpointandavera~d
toremovetheeffectoflift.ThisaverageF, whichisa measure
oftieeffectivetunnelvelocity,isessentiallyconstant-inLhe
low-liftrange.ThequantityF/Fo,whereF. istheaverage
of F inthelow-liftrange,however:showsa variationfrom
umityinthehi~-liftrangeforanyairfoiltestedathighlifts.
A plotof F/F. againstan@.eofattackao’ fora 2-foot-chord
modeloftheI’14CA643-413airfoilisgiveninfigure25. The
quantityF/F. isnearlycons+tantforva2u9sof do’ upIJO120;
butforvaluesof ao’ greaterthan12°~F/Fn.increases,andthe
increaseisparticularlynoticeableatandoverthestall.

A th00r6ticalcomparisonwasmadeoftheblockingfactorAu,
andthevelocitymeasuredby“theflourandceilin~orificesfora
seriesofRankineovalsofvarioussizesandthicknessratios.The
quarter-choi”dpointofeachovalwaslocatedatthepivotpoi~t,
theusual”posiiionofanairfoilinthetunnel.Theanalysisshowed
therelationbet’weentheblockingfactorAd andthochan$%in F
tobeuniqueforchordlengihsupto50inchesinthatdifferent

T
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bodieshatingthesame%lockingfactor& gaveapproximatelythe
ssmevalueof F- Forchordsupta50inches,therelationshipis

(2)

whore.AV/Vistheincrmeri~intunnelvelocityduetoblocking.
Thefcreg~ingrelaticnwasadoptedtoo tainthecorrectiontothe*block.ingIn Me rangeofliftswhere~> 1.

Considerableuncer%intyexistsra~rdingthecorrect
numericalvalueofthecoaffi.ciantoccurringinequation{2). If
a rowofGources,ratherthemtheF&nkineovalsusedinthepresent
analysis,isconsideredtorepresenttheeffectofthewake,the
valueofthecoefficientinequation(2)wouldbeappiiox~tely
twicethevalueused.Fortunately,thecorrectionamountsto
onlyabout‘2parcenkatmaximumliftforanextremeconditionwith
a 2-foot-chordmodel.F~~herre”f~nementOfthis~~rrection-s,
therefore,notbeen,attempted.

ComDmlsonwitlnexppr:ment.-A checkofthevalidityofthe..—
tunnel-wa13.correctionshasbeenmadeinreference33,whichgives
liftandmomentforr.odelshaviagvariousratiosofchordto
tunnelheight,uncorrectedandcorrecrmdfor tunnel-wall effects.
Thegeneraiagreementofthecorrected.curvesshowsthatthe
methodofcorrectingthelif-bsand.momentsisvalid.

A comparisonismadeinreference13beweenthetheoretical
correction~actor(equation(1))andtheexperimenwllyderived
correctionsofrefer3nce14. Thetheoreticalcorrectionfactors
werefoundtobe ingooda~emantwiththoseobtainedexperimentally.

Inordertocheckthevalidityof theq-factor,a comparison
hasbeenmadoofliftvaluesobtainedfrompressuredistr~butiona
withthoseobtained.frumtheintegrationoftheflocrandceiling
pressurasinthetrumel.A corgparisonfortwoairfoilsgivenin
figure26showstka~thetwomethodsofmeasuringliftgiveresults
thatareingocda~ement. Theq-factorhasalsoteenchecked
bycomparisonoftheliftobtainedfrombalancemeasurementswith
theintegre,tingmanr~tervaluesinfigure27.

Finally, a check hasbeen madeofthemethodofG0~eCtin8
pressuredistributions(reference13)forNACA6-seriesairfoils
oftwochordlen@,hsatzeroangleofattackinfi~y.me29,in
which~heprassruzecoefficien~sareplottedag$xins’~chordwise



28

positionx/c; Theagreement
distributionsfm bothx!niels
ta.m.nel-wallcorrections.

NACATNNo.L283

between thecorrectedpressure
varifiesthsmethodofmaki.r~zhg

TypicalResulus

8h&@ardairfoilclmracteristigs.=Figure29,whichQves
~.heaerodynamiccharecteric~icsoftheNACA642-215airfoilsection,
showsthetypeandrangoofdataobtainedina standarda~r.foil
testofa 2k-Inch-chordmadel(fig.12)intheLan@.aytwc-
di~~~siOnallow-turbulencepressuretunnel.Theseresultsare
typicalofthoseyresent.edinraference9 fora lar@enumberof
airfoilstestedInthiswindtunnel.

.
TheReynoldsnuwberrangecf 3 to 9 x 10bwe.3 selected for

cmrvenienceintestingsincetheseReynclde~b6rs canbereached
with24-inchchordmodelsatairpressuraswhicharcnot&bovethe
limitallowedforpersonneltoan’tertlhetunnelunderpr9w3ure“GO
inspectmodels.TestscanalsoYemad~morequicklyusingthese
lowerairpresswot3.TheseRdynOld#numbtirsarewithinthelanding
Reynoldsnumharran~ af’manyairplanes,anditisthou@tthat
sufficientindicationof’‘tihescaleeffectcntheairfo:lcharacA@r-
is~icsisobtatnedforapplicationtolarqerairpkues.

Sinceit1srealizedihatairplanesdonotusuallyo.perata
withaero,dyria?nicallysmoothsurfacssonthewings,standard
a~rfoilsec~ioncharacteristlce(a3sho?minfig.29)areob:.ained
bot,hwithsmoothmodelsurfacesandwithroughnessparticles armnd ●

theleadinged~etosimulatea conditionofanairplanewing
surfaceeomewhe,trou&herthanthatusuallycausedby?o!Hmfacturing
irragu.lariciesordeteriorationinservica:hutnotsorau&has
.thatuslhll~encounrmrodundaricingconditionsorthrough_@
asinba”Ltile.

Testeofairfoilsecvionmodelswithsimulatad600epllt
trailing-edgeflapsare”al;:oincludsdinthestandardairfoil
characteristicsshowninfigure2!9.1:isQelievedthatLhase
datawillgiveanindicationoftheef~ecbiven6ssofa more
powerfultraiMng-edgehigh-liftdevicealthoughsufficientdata
t~verifythisassumptionhavenotbeenob’tained.

I)raficharacteriotic~ethiphReynoldsnuubers.-The
dragch~-ac:eristicsofa nmber ofmodelsha~~chordslarger
than,~hincheshavebeenohta.in.gdinthe‘LanQsJtwo-d3.menslonal
low-tzu%ukncepresmuptmn91 wer a limitedrangeofllft,coeffl-
cient.Figure30.showsdra~datafroma bypicaltes~Gfa medium
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s:ze&del havin&surface~whichwaresmoothandalmostfreefrom
wavine96.Testssuch.ss~hishavetendedtosupportthe%alief
tha~theReynoldsn~berrangecoveredbystandard.alrfOQte8t8
inthiswindtuanelisusuallysufficienttogiveanindication
of thevariaticnofsomeoftheairfo?.1characteristicsathigher
Reyncld.snumbers.

LargechGrdprMtical-cuns’wuction‘wingsections(fig.13)
ha-vgbeenues=~overa wideran& ofReynoldsnumbersextending
toveryhighvaluestod~terminethedragcharacterie”:i.csinthe
angularmn~ neardesignliFL.(Seereferewe15.) Studiesare
usua~~madeOftheeffectsofvarioussurfacefinishescm“tis
dragch.aracteristics2emdattemptsam madetoimprovethocherac-
t6risticsbyiinish’ingme~o.lswhichmi@ltbepracticalfora
manufacturertoUE9inL3cEU.UPi-cducticn.J?igUO31showsthe
res’Jlt3oftist.sofa WingSeCtiCDGfthiGtypewithtwoSUL5?8Ce
condltions.

Qo=az’iscnwithfligjhtme%nmxnsnte.-Eevaraltestshave——
beenmadein“~heLaI@eyLwn-d@nojons,llow-turbulenceprassuo?e
tunnelwhichindicatereasonablygoeda~eemenkbetweendata
obLainodintkds tunmlandinFligkt.Ftgure32givesa com-
parisonbetweendragcoefficientsmeasurediuflightemd.inthe
windtunnel.Fortheflightmeaswaments,anairfoilssction
mc~elhavingCLchordoffsuri’e~t anda 3p3n o: aboutsixfeet
wasmountedonanairplane.Forthewind-turmeltests,a part
of thispanelwasueed..MeasurementsweremadeaGthesame
spanwi3epositionforbothtests)andsurfaceconditionswer3as
nsarlythesamea8pm311319.As showninfi&xre32dr% cmftioie~s
measuredinthawindtunnel>althoughSlightly higherthan
thoeemeasuredinflight,arGconsideredtoagreeverywellin
theran~etes~~.

Althm@ nodirectcmqarisonbet%;eenairfoilboundary-
layermsasure~ntsmadein~li@htandintheLangleytw~-dimensional
Icw-turlmlencepressuretunnelisavailable,ewvepaltaatssmd
calculationsindicatethatairf~ilboundary-layercondlLions
oquival.enttothoseofflightmayheGttatned.inthiewind‘unnel
~undersamecondi~icns.Boundary-1ayermeasurementsinflightof
e speciallybuilt-uptescpanelhavinganairfoilsecionwhich
wouidpermitexwmsivelaminarlxmndarylayersindicatedvalu9s
of Rb of7500to900C.(Seereference3.] Sy usecfa
valueof ~ of*.03,dragcoefficientswerecalculatedforan
airf’oiltesEd 5.Ethiswinduane1,andLksresul”~eofthe
calculationsareshowninfi~-e31~m ~ therwithexperimental
resultsforthewas airfoil.Itcanbe seenthatthGresults .

.
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closelyagree.Theseresultsseemtoindicatebhatvaluesof Ra
comparablewiththoseoktainedinflightexistedforthismodelin
thewind-tunneltest.

Moredireotcomparisonsofairfoilcharacteristicsfromthe
resultsofflighttestsandtestsinthe.Langleytwo-dimensional
low-turbulencepressuretunnelaredifficulttomakebecauseof
thecomplicationsofdifferentsurfaceconditionsandGtherfactors
whichinfluencetheairfoilcharacteristicstosuch an ex’mnt that
accurateconclusionscannot.bereached.

Lan&leyMemorialAeronauticalLaboratory
NationalAdvisoryCommibteeforAero~uttcs

LangleyField,Va.January22,1947

\
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Langleytwo-dimensionallow-turbulence tunnel --.
TurbulencemeasurementsJan, 1940 --- ~~
tunnel with honeycombscreens only $~; :“;“: : j’”

t!,.. f,*.-

Turbulencemeasurements
after installation of 7

J. ., , f, !*;YL

Jan. 1941
screens
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Langleytwo-dimensionallow- turbulence pressure tunnel-—.— Q TurbulencemeasurementsAugust194.1 i~l~-
4 atmospherespressure i. ~~~

-,,.,...
ILJ+ I

2 3 4 5 6 7 x106
Reynoldsnumberper foot of model chord

Figure 2 .- Turbulencelevels of the Langleytwo-dimensional
low-turbulence tunnels.
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(a) Ehlargedviewofmnwentire.

Figure 4.- Det~ilsofturbulence-reducingsoreeninstallationin theLangley
two-dimensionallow-turbulencetunnels.

-fL.,’:r :-~-’”+ NAT10i4AL ADVISORY

COMMl17EEFORAERONAUTICS



,’

\



-.

. .

—.

~ .006
0 OBeforeinatallatdonof 7 screens

13After~ns~allat~onof 7 screens

**
G@
; .O* 9
2@o0 * . .

w
g .002

~
4 NATIONALADVISORY
.P
c) COMMIUEE FOPAEIM)NAUTKS

f% .
0

0 2 4 6 8 10 K 4 x 106
Reynoldsnumber,R

Figure5 .- Dragcharacteristicsof 90-inchchordWACA 67-21.5airfoil
seotionIn theLangleytwo-dimensionallow-turbulencehnmel. Cz, 0.13(approx.).
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(a) Phantomdrawingofthetunnelandrelatedeqtipment.

Figure‘7.-DrawingsoftheLar@eytwo-dimensionallow-turbulencepressuretunnel.

c?.
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Figure8.-AirfoilmodelinthetestsectionoftheLsngleytwo-dimensionallow-turbulence
pressuretunnel(lookingdownstream).
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Figure9.-TestchamberoftheLangleytwodhnensionsllow-turbulence
pressuretmnel.
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F@re 10.- Re~oldmn~beranddynamic-weaaurer~wa Of
theLan@eytwo-dtienaionallow-turbulencetunnels.
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Figure11.- Turbulence-reducingscreen installationin theLangleytwo-
dimensionallow-turbulencepressure tunnel, lookingupstreamtoward
upperleft-handcorner.
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Figure13.-Large-chordpractical-constructionwingsection,withoutsurfacefbishing,
testedintheLangleytwo-dimensionallow-turbulencepressuretunnel.-





(b)Cbmlar-arcah’foil-sedionmodelwithleading-andtrailing-edgeflaps.

F@ure14.-Concluded.



(b)Cbmlar-arcah’foil-sedionmodelwithleading-andtrailing-edgeflaps.

F@ure14.-Concluded.
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Fig.16
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Figure 16.- Modelwithboudary-layer suction
slot, leading-edgeslat, anddouble-slotted
trailing-edgeflap testedin the Langleytwo-
dimemioti low-turbdence tunnels;



(a)ModelwithsimulatedX1--eter csnuonsinstalledh thenose.

Figure1’7.- ModelstestedintheLangleytwo-dimensionallow-turbulencepressuretunnelto
sttiyinterferencetiectsofwing-bodycombinations.
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(b) Modelwithpusher-propellerinstallation.

Figure17,- Concluded.
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P@nm le,-L%fteffloienogfaotorq= forapointvortex
sitnate~atYariou2p08itionsalongtheOentsrlineof
thetmmels
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Figure20.-Wake-survey-apparatusmechanismusedintheLangleytwo-dimensionallow-
turbulencepressuretunnel.
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Figure22.- Torque-rodmomentbalanceinstalledin theLangleytwo-dimensional
low-turbulencepressuretunnel. NJ
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Figure23.- Rubberseals

....1..““”’‘uu~ ~

attachedto endsof modelfor pitching-momenttest intheLangley “
two-dimensiondlow-turbulencepressuretunnel.
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F@re 26.- Comparisonbetweenliftsobtainedfrompressure-distribution
measurementsend Mf ts obtainedfrcmreaoiionson thefloorandoeiling
of thetunntzlo
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Figure28*-Comparlsi%betwen oorreotedand
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Pi2um29,-brodynado 0hn~0t0rlati03of1180~a.#ls●irfoil.oooti~of
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Fig.30 NACA TN No.1283

~igure300= VariatIonoflow-dr~rangewith
ReynoldsnumberfortheNAOA65(~21)4X
airfoilb
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Figure31.- CauparisonofexperimentalandCalculateddrag-scale-effectourves
forlarge-ohordpractical-constructionairfoilseotlontestedintheLangley
two-dimensionallow-turbulencepresswetunnel.
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